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SUMMARY

Eree-flightinvestigationshavebeenconductedonfour16-inoh-
diameterram-jetunitstodeterminetheperformanceathighsubsonic
andsupersonicvelocities.Theunitswerereleasedfromanairplane
athighaltitudes.”Theenginethrust andtheforceofgravity
acceleratedtheram-jetunitstohighsubsonicandsupersonicMach
numbers.Dataforevaluatingtheperformancewereobtainedfrom
radio-telemeteringandradar-trackingequipment.

Theeffectsoffree-streamMachnumberandgastotal-temperature
ratioondiffusertotal-pressurerecovery,thrustcoefficient,and
externaldragcoefficienterecorrelated.Aleoincludedarethe
performancedataoftheindividualram-jetunitsfora rangeoffree-
streamMachnumbersfrom0.38to1.73andforgastotal-temperature
ratiosbetween1.0and6.6.

A maximumcombustionefficiencyof91percentoccurredinone
unitata free-streamMachnumberof1.70,witha diffusertotal-
pressurerecoveryof0.90.Thecorrespondinggastotal-temperature
ratioof5.1wasequivalenttoane-ust-gastotaltemperatureof
4050°R. A netacceleration(excludinggravity)of2.0g’s anda
net

the

thrustcoefficientof0.56werepr&iuced.

INTRODUCTION

Aspartofanextensivestudyoftheperformanceofremjets,
NACALewislaboratoryisconductinga free-flightinvestigation
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of16-inch-diameterram-jetunits.Theunitsarereleasedfroman
airplaneathighaltitudesandacceleratedtosupersonicvelocities
bytheenginethrustandtheforceofgravity.

Thepurposeoftheinvestigationistoprovideperformance
dataomfull-maleunitsoperatingunderactualatmosphericcondi-
tionsathighsubsonicandsupersonicMachnumbers.Inadditionto
subsonioandsupersonicdataobtainablefromwind-tunnelresearch,
theflightInvestigationprovidesdatathroughoutthetransmit
range.Dataarealsobeingobtainedundermnditicmofrapid
accelerationwithaccompanyingchangesininletrenditionsdueto
largevariationsinaltitudeandMachnumber.

TheinvestigationisbeingconductedofftheVirginiacoast.
neartheNACALangleylaboratory.Fourram-J6tdesigns(designated
16-A,16-B,16-C,and16-D)ofdifferentinletandoutletdiameters
areusedinordertoobtaindataovera rangeofcombustion-chamber
velocities.Dataareobtainedatdifferentvaluesof fuel-airratio
bypresettingthefuelregulator.Continuousdatarecordsare
obtainedbyradio-telemeteringandradar-tmckingequipmentduring
theflight.

Dataobtainedfromthefirstram-~etunitinvestigated(desig-
nated16-A-1)aredlsoussedinreference1. Dataobtainedwiththe
succeedingfourA-typeram-$etunitsarepresentedherein.Time
historiesoftheperformancearepresentedforaltitudesbetween
36,000feetandsealevelandfree-streamMachnumbersfrom0.38to
1.73.AlsoIncludedaretheeffectsoffree-streamMachnumberand
gastotal-temperatureratioondiffusertotal-pressurerecovery,
thrustcoefficient,andexkernaldragcoefficient.

Umzfficientdataareavailablefrom
dlsoussedhereintopermitcorrelationof
conibustionefficiency.Timehistoriesof
forepresented,showingcmlysimultaneous

KPPARATUS

thefourram-jetunits
thevariablesaffecting
thesevariablesarethere-
values.

Theram-jetunitoonsistedofanoutershellwithfourstabi-
lizingfineattherearanda centrallylocatedbodyinthediffuser
sectionthathousedthetelemeteringequipmentandthefuelsystem.
Thegrossweightofeachunitwasapproxlnmtely525pounds.A ram-
jetunitsuspendedfromanairplaneisshowninfigure1. A cutaway
viewofa typicalramjetieshownInfigure2.

.
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Thefourram-Jetunitsinvestigatedweredesignated16-A-2,
16-A-3,16-A-4,and16-A-5.(The16-Areferstothemaxtiumdiam-
eterandthemodeldesignandthemnmralistheunitnumber.)
ModelAwas designedfora combustion-chamber-inletvelocityof
165feetperseoond(Machnumber,0.12)ata free-streamMachnum-
berof1.60anda gastotal-tmperaturez%atioof4.0.Thish-t
additionisequivalenttooperationala fuel-airratioof0.067
anda combustion#ficiencyof60percentatsea-levelaltitude.
Thediffuserwasa s~le oblique-shockt~e withnointernalcon-
traction.Thespikeconeanglewas50°andthediffuserwas
designed.fora nomalshockattheInletlipata free-stream
Machnumberof1.60anda combustion-chamber-inletMachnwnberof
0.12. Thelipoftheoutershellwaspbsitionedtointerceptthe
obliqueshockata free-streamMachnwnberof1.80.A schematic
cross-sectionaldiagramofa ram-jetunit,Includingthedimen-
sionsformodelA,ispresentedinfigure3.

Thefuelsystem(fig.4)includeda fueltank,a fuelregu-
lator,anda fuel-sprayring.HelicaltubingwasCOikdinside
thefueltanktostoreheliumata pressureof3200youndsper
squareinch.Fuelwasstoredina flexiblesynthetic-rubberfuel
cellthathasa capacityof+ gallons.Thefuelusedwas
73-octanegasoline(AN-F-23a).Free-streamtotalpressureactu-
ated.thefuelregulatorandcontrolledthepressureofhelimon
thefuelcell.Thisheliumpressureforcedthefuelintothree
fuellines,eachofwhichcontaineda spring-loadedreducing
valveanda se~ate setofspraynozzles.Onlyonesetd’these
nozzlesoperatedatthestartofeachflight,whichPemittedthe
useofhighfuelpressuresatlowfuel-flowrates.Asthefree-
stresntotalpressureincreased,theregulatorincreasedthepres-
sureinthefueltankandthusprovidedgr-terratesoffuelflow.
~creasedfuelpressuresuccessivelyoyenedthesecondandthird
reducingvalves,whichbroughtmorenozzlesintooperationatthe
desired.valuesoffree-streamtotalpressure.Theregulator
couldbeadjustedtoalterthefuelpressureanddifferentreduc-
ingvalvespringscouldbeusedtochangetheopeningpressureof
eachsetofnozzles.

A ducted-aitioil-typeflameholderwithintermediategutters
(fig.5)wasusedintitsA-2,A-3,andA-4. Twoeleothioally
ignitedmagnesiumflaresmountedupstreamoftheflameholderini-
tiatedthecombustionprocess.Thistypeofflameholderwaspre-
viouslyinvestigatedina teststandatlowcombustion-chamber-
inletvelocitiesandatpressurescorrespond@tonearlysea-level
altitude.Ram-jetunitA-5employeda nke-t~eflameholderwith
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sevenmagnesiumflares(fig.6). A stiilar
tigatedina windtunnel(reference2)over
rangeofcombustion-chamber-inletconditions
flightinvestigationofram-JetunitA-5.

INSTRUMENTATION

~lameholderwasinves-
approximatelythesame
encounteredinthe

A portableradar-trackingunit,typeSOR-584,withbothopti-
oalandautotrackhgfacilitieswasusedtoobtaina timehistory
ofthepositionoftheram-Jetunitrelativetothegroundduring
flight.Thetelemetering-receiverantennawasdirectionallycon-
trolledbytheradartrackerinordertomaintainthestrongest
possibletelemeteringsignal.A ‘plotterwassynchronizedwiththe
radartrackerandautomaticallychartedthecourseoftheram-Jet
Units.

Theeight-ohanneltelemeteringequipmentintheram-jetunit
transmittedthefollowingdatatotwogroundreceivingrecorders:

1.

2.

3.

4.

5.

6.

7.

8.

Axialnetaoceleratlon

Pressuredropacrossfuel-floworifice

Free-streamtotalpressure

Free-streamstaticpressure

Staticpressureindtifuser,5

7
inchesdownstreamofdif-

fuserinlet,station2 (fig.3

Dynamicpressureindiffuser,65inchesdownstreamofdif-
fuserinlet,station3(fig.3)

Totalpressureatd~fuseroutlet, station4 (fig:3)

Staticpressureatengineoutlet,exhaust-nozzleoutlet,
station7 (fig.3)

Theatialnetacceleration(totalaccelemtionminusthecom-
ponentduetogravity)wasmeasuredbya cantilever-beam-t~e
accelerometer,withthebeamfixedatoneend,weightedatthe
other,andfreetomoveinthedirectionoftheaxisoftheram
Jet.Theforceofgravitydidnotaffectthedeflectionofthe
beambeoauseitactedequallyuponboththeramJetandtheaccel-
erometer.Thefuel-floworificewascalibratedtodeterminethe

.

.
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ratesof fuel flowdirectlyfromthemeasuredpressuredrop.The
telemeteringantennaoftheram-setunitwasalsoa pitot-statio
tubefromwhichthefree-streamtotalandstaticpreEsureswere
0bttm3a. A singleflushwallortiicemeasured.thestaticpres-
sureinthediffuserinletatstation2. ThispressurewasU8ea
todeterminethetransitlonebetweensubsonicandsupersonicflow
atstation2whena shockpassedovertheorifice.Dynamicpres-
sureinthedtifuseratstation3 wasthemeasureddifferencein
pressurebetweentwomanifolds,oneconnectedtoeighttotal-
pressuretubesandtheotherconnectedtotwostatic-~essmetubes.
Theairflowwas-lculateaatthisstation.Thetotal~esswreat
the&Nfuseroutletwasmeasuredfartherdownstream(station4)by
eighttotal-pressuretubes_ol&ed together.A singleflush
wallorificewasplacedjusti.nsiaetheefiaust-nozzleoutletto
determinetheoutletstaticpressureused
thrustcalculations.“

X!ROCEDURE

fortemperatureand

Theoreticalcalculationsweremaaetotleterminetheprobable
petiomanoeoftheram-jetunits.Theflight~th oftheram-jet
unitwascalculatedforcombustionata fuel-airratioof0.067and
a combustionefficiencyof60percent.Itwasdeterminedthatthe
ramjetwoulareachitsaesi~conditionsshortlybeforetipactU
itadheredtothecalculatedflight~th. AirflowwasCalculated
throughouttheflight.Theratesoffuelflownecessarytomain-
taina fuel-airratioof0.067werethendete?nuinedandplottedas
a funct20noffree-streamtotalpressure.Beforeeaohflightthe
fuelregulator,whichwasactuated.bythefree-streamtotalpres-
sure,andthespringtensionsinthefuelvalveswereaiijustedto
maintaintheaesiredfuel-airratio.Deviationsfromthescheduled
free-streamMachnumberhadlittleeffeotontherequiredfuelflow
becausetheregulatorwasactuatedbythefree-streamtotalp?es-
sure,whiohInturnlargelydeterminedtheairflow.Deviation
fromtheassumedcombustionefficiency,hawever,wouldaffectthe
alrflowandalterthefuel-airratio.Thealtitudeforreleasing
eachram-jetunitwasdeterminedbythepredictedfuelconsumption
inordertoexhaustthefuelbefore3mpactandobtaindragdata
withoutcombustionathighflightl.@chnubers.

Emuediatelysftereachdrop,anatmosphericsuryeywasmade
bythedescendingairplanetoaeterminestatictem~eratureand
pressureasa functionoftruealtitude.Truealtitude~S deter-
minedbyradar-trackingtheairplane.Weatherballoonswere
release~andradar-tmckedtodeterminethewind-velocitycorrec-
tionsforthedifferentaltitudes.



6 NACARME9F22

GENERALMWTHODOFCALCULATION

Free-StreamCotiitions

Free-streamstatictemperaturesandpressuresencounteredby
theram-Jetunitduringa flightwerecalculatedfrcmatmospherlc-
surveyandradar-tzzmkingdata.Thesepressureswereusedinthe
performancecalculationsinpreferencetothetelemeteredstatic
pressures,whichincluded.possibleshock-waveandintetierence
effectsfromtheram-jetunit.Thefree-streamvelocityofthe
ram-jetunitwasdeterminedbyplottingboththeradarvelocity,
obtainedbydifferentiatingtheflightpath,andthevelocity
obtainedbyIntegratingthetotalaccelerationoftheramjet.An
averagevelocitycurvewasfairedandcorrectedforthevariation
inwindvelocityencounteredatdtiferentaltitudesinorderto
obtaintherelativeairvelocity.Fromtherelativeairvelocity
andthefree-streamstatictemperateandpressure,itwaspos-
sibletocalculatethermainingfree-streamconditionsoffree-
streamMachnumber,totaltemper-ature,andtotalpressure.Cal-
culatedvaluesof
topossibleerror
thereforeusedin

totalpressurewerebelievedtobelesssubject
thanthemeasuredtelemeteredvaluesandwere
theperformancecalculationswhereverpossible.

~etiormance(calculations

Airflowthrou@theunitwascalculatedfromthedata
obtainedatstation3,wherethedynamicpressureinthediffuser
wasmeasured.Inordertocalculatetheairflow,thetotalpres-
surewasaasmedequaltothemeasuredtotalpressureatthedif-
fuseroutletandthetotaltemperaturewasassumedequaltothe
free-streamtotaltemperature.Theflowconditionsatthediffuser
outletwerethencalculatedbyassumingisentropiccoqression,in
accordancewiththeareachemge,betweenstation3 andthediffuser
outlet.Fuelflowwasdeterminedfromthetelemeteredstatic-
pressuredropacrossa calibratedorificeinthefuelline.Cal-
culationofthefuel-airratioccmpletedtheflowcalculationsat
thecombustion-chamberinlet.

Onthebasisofwind-tunnelinvestigationsofstiilarflame
holders,thetotal-pressuredzopacrosstheflameholderwas
asswnerltobetwicethedymmicpressureattheupstreamsideof
theflameholder.Forthistotal-pressureloss,theflowcondi-
tionsatthedownstreamsideoftheflameholderwerecalculated
asswuingnochangeh totaltemperaturefromthefree-streamvalue.
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,- Theflowconditionsafter thecombustionprooesswere
minedbytwoindependentmethods.Whennoohokingexisted

7

deter-
atthe

engineoutlet,theoalculationswerebasedona trial-and-error
solutioninvolv~therelationsforh-t additionina oonstant-
areapipe.Fortheohokingoondition,thecalculationsinvolved
thecontinuityexpressionformassflow.Theheat-additionexpres-
sioncouldalsobeusedforthechokhgoondition.Thegood
agreementobtainedbybothmethodstendedtoJustifytheneoeseary
assumptionsmadefortheconstant-areaheat-additioneqression.
Whenchokingoccurredh thee~ust nozzle,thestaticpressure
attheoutletwasobtainedfromthetelemetereddata.Thetotal
tem~eratureattheoutletnecessaryforthisconditionwasthen
calculatedbyusingthecontinuityexpressionformassflow.
Whensubsonicvelocityexistedintheeihaustnozzle,a trial-
and-errorsolutionwasrequired.Inthisease,itwasassuned
thatalltheheatwasreleasedintheconstant-areasectionofthe
combustionchamberandthatnofrictionlossesoccurredinthe
combustionchamberandtheexhaustnozzle.Thetrial-and-error
solutioninvolvedtentativeselectionofa totaltemperatureafter
combustionatstation6,calculationoftotalpressureandWch.
numberaftercombustion,andOalculatimofflowconditionsatthe
en@neoutletbyisentropicexpansionfortheareachange.~ the

b staticpressureattheoutletdidnotequalthemeasuredstatic
pressure,thecalculationswererepeatedfordifferentvaluesof
totaltemperatureaftercombustion.W someoases,thetelemetered
staticpressureattheengineoutletwasunreliableduetovibra-
toryburning.Thefree-streamstaticpressurewasusedasa sub-
stitutevalueundertheseconditions.Bothmethodsofcalculation
involvedtheassumptionthatallthefuel-wasvaporizedintheram
jet.hcludedinthecalculationswerethevariationsinspecific-
heatratioofthegaseswithcombustion.

Netthrus%wasoalcul.atedasthedifferenceinthemomentumof
theeXhaustgasesattheengineoutletandthemomentumofthe
free-streamair.Ecternaldragwasdeterminedasthedifference
betweenthenetthrustandtheppoductofthenetacceleration
timestheweightofthezzmn-$etunit.Thrustandefiernal-dx’ag
coefficientswerecalculatedforthemaximwzcross-sectionalarea.

.

Ccxnbustionefficiencywasdeterminedastheincreaseinenthalpy
ofthefuel-airmixtureacrossthecombustionchamberdividedbythe
availablechemioalenergytithefuelandtheflares:Thegastotal-
tempamtureratiowasobtainedbydividingthecalculatedtotaltem-
peratureofthee-ust gasesattheengineoutletbythetotaltem-
peratureoftheairatthecombustion-chamberinlet.
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Theequationsusedindeterminingthefree-streamconditions
audtheperfomamearegivenintheappendix.

RESUUU3ANDDISCUSSION

Timehistoriesoftheram-jet-unitperformancearepresented
infigures7to10. Ingeneral,thesefiguresI,noluderesultant
flightcmdltions,independenttestvariables,diffuserconditions,
ccunbustion-chamber-inletvariables,andperformamevariables.The
‘solidcurvesaremeasuredvaluesandthebrokenlinesrepresent
approximatedvalues.Suchapproximatio~weremadewhereverthe
telemeteringremrdsweresovibratorythatnoexaotdata oouldbe
measured,althoughthetrendinthedataoouldbeolearly
established.

UnitA-2wasreleasedata free-streamldachnumberof0.38and
analtitudeof 30,000feet,ascomparedwithinitialfree-stream
Machnumbersof0.55to0.59andaltitudesof32,000to36,000feet
fortheotherunits.Thevariationinlaunchingconditions,however,
isbelievedtohavehadlittleeffectonthefinalperformanceof
theram-jetunits.

CombustionPerformance

● In thecomparisonofthecombustionperformanceof thefour
ram-~etunite,Itshouldbereoalledthattheunitsweresimilarin
constructionexoeptfortheflameholders.

Theeffectsoffuelflowandflame-holderdesignonthefree-
streamMaohnumbersareshowninfigure11. Forcomparativepur-
poses,fuelflowisshownasa funotionoffree-streamtotalpres-’
surebecausethispressureactuatedthefuelregulator.Thecal-
culatedfuelflowneoessarytoobtaina fuel-airmitiureof0.067
isincluded.NofuelflowdatawereobtainedforunitA-2.

CombustionoccurredlnunitA-2onlymomentarily.Asa result,
themaximumfree-streamMachnumberwasonly0.92shortlybefore
impact.UnitsA-3andA-4hadrelativelyhighfuelflowsand
reachedmaximumfree-streamMachnumbersof1.34and1.25,respec-
tively.Combustionwassporadicthroughouttheflightswithregions
ofextremevibrationandverylowcombustionefficiency.UnitA-5
operatedatlowratesoffuelflowandcontinuouslygoodcomhustton
withrapidlyincreasingflightMachnumbersoccurredthroughout
mostoftheflight.A maximumfree-streamMaohnumberof1.73
occurredatanaltitudeof 4900feet.Nodatawereobtainedbelow

.

.

.
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thisaltitude.TheimprovementincombustioninunitA-5maybe
attributedtoboththechaugeinflame-holderdesignandthelower
valuesoffuelflow.

h general,thedataindicatethatrichfuel-airratioswere
detrimentalto~oodcombustloq.ExceptforunitA-2,thelowest
combustionefficiencywasobtainedinunitA-4wherethefuel-air
ratio(fig.9(d))wasinexcessof0.084.Thecanbustioneffi-
ciencyneverexceeded37percent(fig.9(e)).Telemeterrecords
showedregionsofpulsating,intermittentburningthroughoutthe
flight● Asa result,somedatawerenotobtainableinunitA-4

between3~and 49 seconds(figs.9(c)to9(e)).UnitA-3also
encounteredlowcombustionefficienciesatfuel-airratiosof
0.084to0.088(figs.8(3)and8(e)).

.

.

Theeffectofleanfuel-airratiosoncombustionwasindicated
onlybythedataforunitA-5.A lowccmbustimefficiencyof40per-
centoccurredata fuel-airratioof0.043(figs.10(d)and10(e)).
Asthefuel-airratiosuddenlyincreasedto0.065,thecombustion
efficiencyincreasedto52percent.Ingeneral,fortheflight
conditionsencounteredwithunitA-5,combustionefficiencies
exceededapproximately40percentwhentheremJetwasoperating
withina fuel-air-ratiorangeof0.043to0.070.

An increaseincombustionefficiencyocourredwithan increase
incombustion-chamber-inletstaticpressureandtemperature.For
example,thecombustionefficiencyinunitA-5(fig.10(e))increased
from52percentat31secondsto91percentat38secondswith
increasesincombustion-chamber-inletstaticpressurefrom2800to
7200poundspersquarefootandstatictemperatureincreasesfrom
635°to790°R(fig.10(d)).Thisincreaseincombustionefficiency
occurredatapproximatelyconstantvaluesoffuel-airratio(0.062to
0“.065)andcombustion-chamber-metvelocity(150to160ft/see).
Duringthistimeinterval,however,itwasnotedthatthethirdset
offuelnozzlesbecameoperativeemdincreased,thenumberofnozzles
dischargingfuel(fig.10(b)).Theresultantchangeinfuelpattern
anddegreeoffuelatomizationmayhavehadsomebeneficialeffect
andmaypartlyaccountforthelargeincreaseincombustion
efficiency.

Theeffectofflame-holderdesi~onthecombustionprocess
couldbedetermined’onlyata fuel-airratioof0.067andlowvalues
ofcombustion-chamber-tiletstaticpressureof1000poundsper
squarefootandstatictemperatureof485°R. Undertheseconditions.
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withtheduoted-t~eflameholder,a combustionefficiencyd 20per-
centwasobtainedat22seconds(fig.8(e))ascomparedwitha com-
bustion@ficiencyof46percentobtainedat16.5secondswiththe
rake-’typflameholder(fig.10(e)).

TheperformanceofunitA-5(fig.10)in~oatedthata highcom-
bustiontificiency& 91percentcouldbeobtainedata free-stream
Machnumberof1.70,whichsustaineda diffusertotal-pressurerecov-
eryofapproximately0.90.A maximumnetaccelerationof2.0g’s
anda thrustooefficlentof0.56werep’educed.A gastotal-
temperatureratioof5.1existed,whichwasequivalenttoanefiaust-
gastotalixmperatureof4050°R.

DWfuserTotal-FressureRecovery

Thetotal-pressurerecoveryacrossthediffuserisshowninfig-
ure12asa functionoffree-streamMachnumberforallfourram-jet
units.Linesofconstantgastotal-temperatureratiowerefaired
accor&tngtothecollectivedatapoints.

Ata constantvalueoffree-streamBkmhnumber,a decreaseIn
gastotal-temperatureratiowasaccmpaniedbya decreaseintotal-
~essurerecoverylargelyduetoincreasingshocklosseswithinthe
diffuser.Forexample,ata free-stream~ch numberof1.20,the
diffusertotal-pressurerecoverydecreasedfrom0.94to0.52witha
decreaseingastotal-temperaturemtiofrom5.0to1.0.Thedecrease
ingastotal-temperatureratioresultedindtifuser-outletconditions
ofhighervelocity,lowerstaticpressure,anda reductionintotal
pressurenecessarytomaintain~sscontinuity.Whensupersonic
velocityexistedwithinthediffuser,thisreductionintotalpres-
surewasmadepossibleonlybythe~esenceata normalshockwith
itsaccompanyingtotal-pressureloss.Theminimumvalueoffree-
streamMachnumberatwhichshockoccurredwithinthediffuserwas
a~oximately0.60ata gastotal-temperaturemtio~ 1.2(fi$o7)
at16secondsafterreleasewiththetransitionfromsubsonicto
supersaicflowatstation2 ($ in.downstreamofthediffuserinlet),

ThrustCoefficient

Theeffectsoffree-streamMachnumberandgastotal-temperature
ratioonthenet-thrustcoefficientsareshowninfigure1.3.As
definedintheappendix,thenetthrustisthetotalchangeinmomen-
tumoftheairandthefuelflowimgthroughtheremjet.Atconstant
gastotal-temperatureratios,thethrustcoefficientincreasedwith
increasingfree-streamMachnumbersuntilthetotal-presarrerecovery
declinedrapidlybecause@ shockionthediffuser.
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Atsonicfree-streamvelocity,a gastotal-temperatureratio
ofatleast2.0wasnecessaryfora positivethrustcoefficient.
Atthisvelocity,thethrustcoefficientvariedfrcm-0.20to0.48
withvariationsinthegastotal-temperatureratiofrom1.0to6.0.

ExternalDragCoefficient

Theeffectoffree-streamklachnumberandgastotal-taperature
zatioontheexternal&mg coefficientisshowninfigure14. The
externaldragequalsthetotalchangeofmomentumoftheairflowing
outsidethemm jetandthereforeincludestheadditivedragatthe
MEfuserinletaswellasthetotaletiemaldragontheshelland
thefins.Thetezmadditivedragismorefullydiscussedinrefer-
ence3. Thedashedcurverepresentstheminimumexternaldxagcoef-
ficientsencounteredatvariousfree-streamMachnumbers.These
minimmvaluesoccurredatconditions& minimmadditivedmg and
maxinnmengineairflowwhm theexternal-flowconditionsaheadof
thecliffuserinletwereun&fectedbyvariationsinheataddition.
Wcreasx theheatad.ditionabovea certainvaluewillreducethe
airflow;consequently,thedivergenced thestreamlinesaheadof
theinletbecomesgreater.lkcreasedpessuresactingonthese
divergingstreamlinesgiverisetoincreasedadditivedrag.The
increasedpressuresalsoincreasethewavedragontheshellefie-
rior.Theeffectofanincreaseinheatadditionontheetie?mal
&ag coefficientwasmostnoticeableatsu~ersonicllachnumbers.
I?orexample,ata free-streamMachnmberof1.70,increasingthe
-s total-temperatureratiofrom4.0to5.0increasedtheexternal
dragcoefficientfrom0.17to0.32.

TheluwestvalueC&externaldragcoefficient(approximately
0.115)occurredatfree-stream~ch numbersof0.90to1.00.The
maximumexternaldragcoefficientsforanygivengastotal-tempemture
rat iooccurredatfree-streaml@chnumbersbetween1.10and1.20.
Whentheramjetwasoperatingatthedesigncomlition(gastotal-
temperatureratioof4.0andfree-streamMch numberof1.60),the
efiernal~ coefficientwas0.169,whichwastheminimumvalue
forthefree-stream~ch numberof1.60.

suMMARYaFmsTmi’s

Fromthedataobtainedfmm free-flightinvestigateionsoffour
16-inch-diametersupersonicram-setunitswitha rangeoffree-
stresmMachnwnbersof0.38to1.73andgastotal-temperatureratios
between1.0and6.6,thefollowingresultswereobserved:
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1.A.maxhmmmmbustionefficiencycd91peroentwasobtained
InunitA-5ata free-stream~ch numberof1.70,whichsustaineda
diffusertotal-pressurerecoveryof0.90.Thegastotal-temperature.
ratioof5.1wasequivalenttoanexhaust-gastotaltemperatureof
4050°R. A maximumnetaccelerationof2.0g?sanda thrustcoef-
ficientof0.56wereproduced.

2.Fortheflightconditionsencountered,combustioneffi-
cienciesfrom40to91peroentwereobtainedwithunitA-5during
operationwithina fuel-air-ratiorangeof0.043to0.070.Atthe
leanestfuel-airratio,0.043,a‘lowcombustionefficiencyofabout
40percentoccurredinunitA-5.Asthefuel-airmtio suddenly
inoreasedto0.065,themmbustioneffioienoyincreasedto52per-
cent.Fuel-airratiosabove0.084producedsporadiocombustion
accompaniedbyextremelylowcombustionefficiencyinunitsA-3and
A-4. ForunitA-5,atconstantvaluesoffuel-airratio(0.062to
0.065)andcombustion-chamber-inletvelocity(150to160ft/see),
increasesincombustion-chamber-inletstaticpressurefrom2800to
7200poundspersquarefootandstatictempemturefrom635°to
790°R increasedthecombustionefficiencyfrom52to91percent.

3.Aseqected,a decreaseingastotal-temperaturemtiowas
accompaniedbya decreaseindiffusertotal-pressure@covery
largelyduetoincreasingshocklosseswithinthed3ffuser.Ata
free-streamMaohnumberof1.20,thediffusertotal-pressurereoov-
erydecreasedfrom0.94to0.52witha decreaseingastotal-
temperatureratiofrom5.0to1.0.*

4. Thrustcoefficientsincreasedwithanincreaseingastotal-
temperatureratioandflight14achnumberswithintherangeofthe
dataobtained.Ata free-streamWch numberof1.00,thethrust
coefficientrosefrom-0.2to0.48asthegastotal-temperature
ratioincreasedfrom1.0to6.0.

5.Fora givengastotal-temperatureratio,theminimumvalue
ofexternaldragcoefficient(approximately0.115)occurredatfree-
streamkch numbersof0.90to1.00andthemaximumvaluesoccurred
atfree-streamllachnumbersof1.10to1.20.Ata free-streamMach
numberof1.70,increasingthegastotal-temperatureratiofrom
4.0to5.0increasedtheexternal@g coefficientfrom0.17to
0.32astheflowconditionsaheadof

LewisFUghtPropulsionLabomtory,
NationalAdvisoryCommitteefor

Cleveland,Ohio.

thetiletwerealtered.

Aeronautics,

.D

.

.
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APPENDIX-ME’I!EODSOF

Sylitlols

Thefollowingsymbolsareusedin

cross-sectionalarea,sqft

CALCULATION

thisreport:

criticalareanecessarytobringlocalMachnumber
isentropicallytounity,sq.ft

maximumcross-sectionalarea,sqft

axialaccelerationcomponentduetodifferencebetweennet
thrustanddrag,g’s

externaldragcoefficient

net-thrustcoefficient
.

externaldrag,lb

netthrust,lb

accelerationduetogravity,ft/sec2

enthalpyofairandfuelbeforecombustion,Btu/lbair

enthalpyofburnedgasesatexhaust-gastemperature,
Btu/lbexhaustgas

lowerheatingvalueoffuel,18,500Btu/lb

Machnumber

totalpressure,lb/sqft

staticpressure,lb/sqf%

rateofheatreleaseofflares,Btu/sec

dynamicPNSSUIW, lb/aqft

gasconstant,ft-lb/(~)(~b)

totaltemperature,‘R
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t statiotemperature,%

v Veloclty,ft~eeo

w grossweightoframJet,lb

Wa airflow,lb/see

Wf fuel flow,lb/see

‘i InftialgrossweightoframJet,lb

Y ratioofspecific.heatatconstantpressuretospecificheat
atconstautvolume

~b combustionefficiency,percent

T time,sec

Subscripts:

o freestresm

O,B freestreambehindnormalshock

1 diffuserinlet

2 @ inchesdownstreamofairinlet(at
8

3 65inchesdownstreamofairinlet(at

4 diffuseroutletor
flemeholder)

5 combustion-chember

6 combustion-chamber

combustion-chamber

.

.

staticorifice)

dynemic-pressurerake)

inlet(upstreamside

inlet(downstreamsideofflameholder)

outlet

of

7 exhaust-nozzleoutlet

\
Calculations

Anatmosphericsuweyismadeafterthedropofa ram-Jet
unit.Franthesurvey,thefree-streamstaticitemperature‘o a

ptiessurePO aredeterminedasa functionoftruealtitude,as
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.

.

obtainedbyradar-trackingthedescending
data.thepositionoftheram-jetunitas

airplane. Frantheradar
a functionoftimeafter

rele&eIs-detezmdned.Bydifferentiation,thevelocityandthe
traJectoqangleoftheunitareobtained.Thevelocityofthe
ram-jetunitiscalculatedby integratingthetotalaccpleratlon,
whichisthesumofthetelemeterednetaccelerationandtheaccel-
erationccmponentdueto~avity,Anaveragevelocitycurveis
drawnandcorrectedbyapplyhgwind-velocitycorrectionsobtained
fromradar-trackinga weatherballoon.Thecorrectedrelativeair
velocityisdefinedasthefree-streamvelocity‘o oftheramjet.

Free-streamconditionsaredeterminedtiaccordancewiththe
followtiggeneralequationsforcompressibleflow:

,

(2)

(3)

Thefree-stream.totilpressuremeasuredbythetelemeteringequip-
mentisactuallythetotalpressureasmeasuredbehinda normal
shockwhenM.> 1.0 andiSdesiaated‘O,BOIhordertoobtain

P. frcunthetele~teredpo,B>itiscarectedforthe~1-

shocklossinaccordancewith

Thesetelemeteredvaluesof ‘o are usedonlyin+e perf~ce
calculationwhenvaluescannotbecalculatifromtheradardata.

TheMachnumberatstation2 isdeterminedfromthefollow-
generalequation.Thestaticpressureismeasuredatstation2
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thefree-streamtotal

.

andthetotalpressureisassumedequalto
pressureminusexternalshocklosses.-

*

Theram-Jetairflowisdeterminedfrcnnthedataavailable
at8tation3 byassumingthatthetotalpressureatstation3
equalsthemeasuredtotalpressureatstation4 andthatthetotal
temperatureequalsthefree-streamtotaltemperature.Themethod
Involvesdetermining

p3=P~ - (P3-p3)

theMachnumberatstation3 fromequation

(6)

(5),and

‘3A3432’4%—
Wa =

Fortheconditionsatthe

(7)
.

diffuseroutlet,thetotalpressureP*
~ is deteminedfrc%uM3 by CalCU-iSknown and Mach

lattigAcr,3/A3
nuniber
frcaithegeneralequation

7+1
2(7-1)

A

0

+
cr—=MA

1++M2
(8)

andthen,becauseP4=P3 and T4=T3

(9)‘1’4=6?%3
IIromequation(8),M4 canbedeterminedforthevalueof

Acr,4/~4”Itis thenpossibletocalculateP4 fi~ equati~(3)j
t4 tiomequation(2),and V4 fromequation(l).

.

.

=!!%%i”aaiixib
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me conditionsbeforeheatadditioninthecombustionchamber,
station5.arecalculatedfora total-pressuredropacrossthe
flameholierof
hol~er.Thus

but

therefore

twioethedynamicpres&reinfron~oftheflame

q4=Pd.f(++:jfi
y M4%P4

P5=P4-
7

(10)

(11)

(12)

InordertodetezmineM5, Itisnecessex’ytodetermine

TheMaohnumberM5 can thenbedetemninedfrom

Themethodusedtodetenuinetheconditions
(station6)involvesthetrial-and-errorprocess
(15),whicharederivedinreference4.

(13)

equation(8).

afterheataddition
ofequations(14)and

.

.
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When M7 is less than1.0(no
aeswuedandtheaorreaponding

fuel-airratio.Thequantity

chokingatoutlet),T6 is
Ye isdeterminedfortheknown

()

wf42 T6
1+~ q isdeterminedand

a

(15)

‘6 and P6 aredeteminedfrom’equations(14)and(15).The
assumptions‘6=P, and T6=T 7 aremade.

( )()‘C3?.7 =‘cr,6 ‘6
A7 A6 q

(16)

MachnumberM7 canthusbedeterminedfrm equations(8)and
(16).Totalpressure‘6 istheproductofequations(12)and
(15)andisassumedequalto P7. Itisthenpossibletodeter-
minethevalueof p7 fromf3qUatiOn(3). TMs valueshouldequal
themeasuredvalueof p7 fromthetelemeterrecords.Ifthey
donotagree,theprocedureisrepeated,assuminga different
valuefor T6. When M7 isequaltounity(chokingatengine
outlet),thetotaltemperatureaftercombustionisfounddirectly
fromtherelationformasscontinuity

T7=
677(77+1)*72P72

2R7 (Wa+W*)2
(17)

Assumedvalues
with T7.

Of 77 and R7 areusedandthencheckedtoagree
.

.

.
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The

Conbustlonefficiencyis determinedby

/ w.\

,b=!2@kzw.

where

Ah+w~

enthalpyvaluesareobtainedfrom

Thrustcoefficientis definedas

2Fn

theequation

reference5.

‘.=(5$9’7-($’0+’7’’7-’0’
‘7=M7LYJ

(18)

(19)

(20)

(21)

Theweightoftheramjetatanytimeduringtheflightis

J
T

w=w~- ~‘f ‘T (22)

Theexternaldragisdeterminedas

D.’n-w~

Theexternaldragcoefficientisdefinedas

(23)

(24)

.



20 I?ACARME9F22

InordertofacilitatetheCalculations,Kraphsweremadeof
equations(12), (1.3), (14), and (15). Where~e~‘&sible.tables
fromreferenoe6 areusedfor equations
(8).

(2),(3);(4),(S),and

, REFERENCES
1.Ki.nghcum,GeorgeF.,andDisher$JohnE,: Free-Flight~vesti-

gationcd?16-Inch-DiameterSupersonicRanMetUnit.l?ACA
RME8A26,1948.

2.Wilcox,FredA.,andHoward,EphraimM.: ComparisonofTwo
FuelsinBumblebee18-~chRamJetIncorpomtingRake-T~e
FlameHolder.NACARME&?ll,1948.

3.Ferri,Antonio,andNucci,LouisM.: PreliminaryInvestigation
ofa NewT~e of’Supersonic~let. IVACARML6J31,1946.

4. Perchonok,Eugene,Sterbentz,WilliamH.,andMoore,StanleyH.”:
IndirectMethodsforObtainingRam-JetExhaust-GasTemperature
AppliedtoFuel-MetwingControl.HACARME7H27,1948.

5.Turner,L.Richard,andLord,AlbertM.: ThermodynamicCharts
fortheComputationofCombustionandMixtureTemperaturesat
ConstantPressure.NACATN1086,1946.
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Fl&u’e2.-Cutavayviewof16-inohram-jetunitduring free flight.
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T1.meafter release, T, sec

(a) Resultantflight conditions.

Figure7.- Timehistoryofflightdataandperfomnanoeofram-jetunit
16-A-2.
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